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Abstract Thickness (dF ) and concentration (x) dependence
of the Curie temperature of NixCu100−x(dF ) ferromagnetic
(F) alloy layers (x = 55,65,dF = [3nm ÷ 12nm]) being in
contact with a vanadium layer was studied. The Curie tem-
perature of the ferromagnetic layers depends on the thick-
ness when it is comparable with the interface layer between
the F and the vanadium layers, which is attributed to the
proximity coupling of the interface region with the rest of
the F layer. The present study provides valuable information
for fabrication of samples with controlled exchange cou-
pling strength for studies of superconductor/ ferromagnet
(S/F) proximity effects.
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1 Introduction
Proximity effects occurring at the interface of superconduct-
ing and ferromagnetic phases have attracted considerable at-
tention in recent years [1]. Extensive theoretical work has
been exerted to understand the nature of these mixed states.
For weak ferromagnets, with Curie temperatures below TC ∼
100 K a transition of the homogeneous F layer into a non-
homogeneous domain-like (“cryptoferromagnetic”) phase is
predicted [2], [3], [4] with domain sizes less than the co-
herence length of the superconductor. Conventional 3d fer-
romagnets, like Fe, Co and Ni, exhibit Curie temperatures
above 300 K. In order to study S/F proximity effects with a
weak ferromagnet, a control of the Curie temperature of the
F layer is required. In this work we use the dilution of a con-
ventional ferromagnetic material with non-magnetic atoms,
namely nickel with copper. Ni and Cu are fully miscible in
the bulk [5] with almost linear dependence of the Curie tem-
perature (and, hence, the exchange coupling strength) on the
Ni concentration [6].
In addition to the concentration dependence of the Curie
temperature, the dependence on the thickness of thin F layer
was reported in several works, e.g. TC(dGd) for Nb/Gd struc-
tures [7]. A linear dependence on dGd was observed for small
dGd-s, then it is saturated for larger Gd thicknesses, a phe-
nomenon, which was ascribed to the finite-size effects [8].
In [9] the TC(dF) was studied in thin Ni and Ni60Cu40 layers
being in contact with a Nb layer, and only a linear thickness
dependence was observed.
Here we study the magnetic properties of NixCu100−x
films (x = 55 and 65 and dF =[3nm ÷ 12nm]) being in
contact with a 80nm thick vanadium layer. These systems
were prepared to reveal proximity effects between the super-
conducting vanadium and the ferromagnetic NixCu100−x and
study their dependence on the exchange coupling strength
of the F layer by means of polarized neutron reflectometry.
2To enhance the contribution of the V/NixCu100−x interface
to the scattered neutron intensity the V layer was covered
with a copper layer to form a neutron waveguide structure
[10]. We found the Curie temperature dependence on the
F layer thickness, similarly to [7]: a linear dependence at
small enough thicknesses and a saturation at larger thick-
nesses. This behavior is ascribed to a proximity coupling of
the V/NixCu100−x interface transition region (“dead layer”)
with the rest of the F layer. Although the transition layer is
non-magnetic, proximity to the main (non-mixed) part of the
ferromagnetic layer increasingly suppresses the Curie tem-
perature with decreasing the F layer thickness.
2 Sample preparation and experiment
Samples with a nominal composition of Cu(31 nm)/ V(80
nm)/ NixCu100−x(dF )/ MgO were prepared using Molecular
Beam Epitaxy in the Wigner Research Centre for Physics
(Budapest, Hungary). The MgO substrate surface was clea-
ned by rinsing it in the isopropanol in an ultrasonic cleaner
and by heating it to 600 C in ultrahigh vacuum for 30 min-
utes. The metallic layers were deposited at room tempera-
ture in a base pressure of 5×10−11 mbar. All samples were
rotated during deposition to increase lateral homogeneity of
the films. Mixing of Ni and Cu was achieved by co-evapo-
ration with deposition rates νNi = 0.11A˚/s and νCu = 0.1A˚/s
for x = 55 and νNi = 0.17A˚/s, νCu = 0.1A˚/s for x = 65.
The layer structure of the samples was characterized by
neutron reflectometry at angle-dispersive neutron reflectome-
ters GINA (Budapest Neutron Center, Hungary) and NREX
(research reactor FRM-II, Garching, Germany). The mea-
surements at the GINA reflectometer were conducted in H =
500 Oe external field at room temperature in a momentum
transfer range of Q = [0.08÷ 0.95] nm−1. At room temper-
ature the spin-up and spin-down reflectivities were identical
and the sum of reflectograms in the two polarizations was
fitted. A typical neutron reflectivity curve measured on the
sample Cu(31 nm)/ V(80 nm)/ Ni65Cu35(8.5 nm)/ MgO is
shown in Fig. 1a.
The reflectivity curve is characterized by Kiessig oscil-
lations due to the interference on different interfaces. Fit of
the data by the program FitSuite [11] allowed to restore the
nuclear scattering length density (SLD) profiles (Fig. 1b).
From these profiles the actual thicknesses of F layers were
derived (Table 1). In addition, the analysis of neutron reflec-
tometry data suggests the existence of non-abrupt interface
between vanadium and F layers, with a typical thickness be-
tween 2-5 nm (see inset in the Fig. 1b).
A set of low-temperature PNR measurements have been
performed on the Cu(31 nm)/ V(80 nm)/ Ni55Cu45(6 nm)/
MgO sample at the NREX neutron reflectometer. Magnetic
field H = 200 Oe was applied parallel to the surface. Spin-up
and spin-down reflectivities R+(Q) and R−(Q) were mea-
sured in a momentum transfer range of Q = [0.17÷ 0.5]
nm−1 (Fig. 2a). Those reflectivities could also be well de-
scribed using the SLD profiles obtained from the fitting of
the room temperature data.
In order to quantify the magnetic moment of the F layer,
the spin asymmetry [the normalized difference of the spin-
up and spin-down reflectivities (R+(Q) - R−(Q))/(R+(Q) +
R−(Q)), Fig. 2b] was modeled. The full line in Fig. 2b cor-
responds to the above-described SLD profile and a 4M =
1.4±0.2 kGs magnetization in the Ni55Cu45 layer, which is
slightly higher than the 1.1 kGs measured by Rusanov et al.
[12] for a similar Ni concentration.
The Curie temperature of the samples was determined
from data collected by the (Quantum Design) SQUID mag-
netometer at the Wigner Research Center, Budapest. Follow-
ing a cooling down in zero external magnetic field, the tem-
perature dependence of the magnetic moment of the samples
was measured in 10 Oe magnetic field applied parallel with
the sample surface (Fig. 3). The Curie temperature was de-
fined as the temperature of the minimum in the derivative of
the magnetic moment curve (Fig. 3 and Table 1).
Table 1. Fitted F layer thicknesses
and measured Curie temperatures.
Sample Fitted F-layer Curie
thickness [nm] temperature [K]
Ni65Cu35 3 nm 4.5 86
Ni65Cu35 6 nm 7.0 215
Ni65Cu35 8.5 nm 8.5 280
Ni65Cu35 12 nm 12.7 280
Ni55Cu45 8.5 nm 6.0 130
Ni55Cu45 12 nm - 160
3 Results and discussion
Dependence of the Curie temperature on the Ni concentra-
tion for samples with dF = 8.5 nm is shown in Fig. 4 along
with data from [6]. This dependence is linear and agrees
with the behavior of bulk NixCu100−x alloys for x > 55 [6].
The linear fit to the present data provides TC = 0 K for a
Ni concentration x = 40± 5%. This allows us to conclude
that samples with dF > 8.5 nm behave like the bulk alloy.
However, we observed a dependence of the Curie temper-
ature on the F layer thickness (Fig. 5), similar to the one
reported in [7] for Nb/Gd structures. Namely, the Curie tem-
perature increases with increasing the F layer thickness for
samples with dF < 8.5 nm and then approaches a saturation
corresponding to the bulk value. While in [7] this behav-
ior was attributed to the manifestation of the finite-size ef-
fects, we ascribe the thickness dependence of the Curie tem-
perature to the influence of the interface of vanadium and
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Fig. 1 Experimental (dots) and model (solid line) reflectivity curves measured on sample Cu(31nm)/ V(80nm)/ Ni65Cu35(8.5nm)/ MgO, (a).
Extracted depth-profile of nuclear scattering length density of entire structure, (b). Inset: SLD profile around the V/NixCu100−x interface can be
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0.2 0.3 0.4 0.5
-0.4
-0.2
0.0
0.2
0.4b)
(R
+  -
 R
- )/
(R
+  +
 R
- )
Q, nm-1
  experiment
  theory
0.2 0.3 0.4 0.5
1E-4
1E-3
0.01
0.1
1
R
ef
le
ct
iv
ity
Q, nm-1
 experiment
 theory
a)
Fig. 2 R+ reflectivity from the sample Cu(31nm)/ V(80nm)/ Ni55Cu45(6nm)/ MgO measured at T = 10K in H = 200 Oe external field, (a). The
solid line corresponds to the model explained in the text. Experimental (open circles) and model (full line) spin asymmetries (R+−R−)/(R++R−)
corresponding to the nuclear SLD profile and magnetization 4M = 1.4 kGs in the Ni55Cu45(6nm) layer.
NixCu100−x layers. Indeed, neutron reflectometry gives esti-
mation for the thickness of the transition (T) layer between
vanadium and NixCu100−x of the order of dT ∼ 2-5 nm. This
transition layer, due to its vanadium content is mostly non-
magnetic, but proximity to the main part of the F layer (M)
may lead to an induced magnetization in it. In other words
we model the F layer as a proximity-coupled T/M bilayer.
Following Bergeret et al. [13] we can write the expres-
sion for the effective exchange field Heff of the T/M bilayer
as,
Heff =
HνMdM
νMdM +νT dT
, (1)
where H is the exchange field of the bulk NixCu100−x, νM,T
and dM,T are the densities of states (DOS) and thicknesses of
the main part of the F layer and the transition layer, respec-
tively (dF ≡ dM + dT ). Eq. (1) is valid provided the thick-
nesses of M and T layers are smaller than the spin diffusion
length, i.e. the spin is conserved in the samples. Postulating
proportionality between exchange field and the Curie tem-
perature we can rewrite (1) as,
TC(dF)
TCbulk
=
dM
dM + cdT
, (2)
where TCbulk is the bulk Curie temperature for the given con-
centration [6] and c = νT/νM is the ratio of DOS of the T
and M layers.
Eq. (2) can qualitatively explain the thickness depen-
dence of the Curie temperature. Indeed, when the thickness
of the transition layer is comparable with the total thickness
of the F layer the dependence TC(dF) is almost linear. When
the thickness of the F layer is much larger than the thickness
of the transition layer, the Curie temperature of the layer is
close to the bulk value. Fit of the data to the expression (2)
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Fig. 3 Temperature dependence of the derivative of the magnetic moment of the samples measured by SQUID. Curie temperatures identified as
the temperature of the minimum of the derivative magnetic moment are listed in Table 1.
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Fig. 4 Ni-concentration dependence of the Curie temperature for
NixCu100−x layers with F-layer thickness of dF = 8.5 nm (open
squares) along with literature data from Bakonyi et al. [6].
provides dT = 4 nm, a value comparable with the thickness
of the transition layer estimated from the neutron data, and
c = 0.1. Similar values of the non-magnetic transition layer
(or the “dead layer” as it is often called in the literature)
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Fig. 5 Dependence of the Curie temperature on the thickness of the F
layer and simulation according to expression (2) with dT = 4 nm and
c = 0.1.
for NixCu100−x alloys were reported in other experiments
like measurements of oscillations of the critical current in
S/F/S Josephson junctions [14] or direct measurements of
the DOS [15]. Since the transition layer is non-magnetic, it
5does not play a role in the “oscillating” superconductivity
[16]. The presence of a transition layer of the same order
of 1 nm was similarly reported for Nb/PdNi structures [17].
The relatively small value c = 0.1 indicates that the transi-
tion layer exhibits a much smaller DOS than the one in the
ferromagnetic layer. Such a large decrease in the DOS indi-
cate a change in the character of the interface region from a
majority d−like to a majority s−like, i.e. to a non-magnetic
one.
Moreover, interface mixing considerably increases the
resistance of the V/NixCu100−x interface, similar to what
has been reported for Nb/Ni60Cu40 structures in [9]. Indeed,
both V and Nb represent strong scattering centers in both
Cu and Ni, resulting in specific residual resistivities 5 to 6
times higher than does Cu in Ni or Ni in Cu [18]. The inter-
face resistance and its relation to the interface transparency
in S/weak-F hybrid structures was elaborated in [19], [20].
4 Conclusions
In conclusion, thickness and concentration dependencies of
the Curie temperature of NixCu100−x ferromagnetic layer
being in contact with a vanadium layer was studied. The
Curie temperature was found to increase with the thickness
of the F layer when the thickness is comparable to that of
the mixed V/F interface region and it is saturated at larger
thicknesses to the bulk value. The dependence is explained
by the proximity coupling of the mixed transition layer with
the rest of the F layer. The present study provides valuable
information for fabrication of samples with controlled ex-
change coupling strength for studies of the superconductor/
ferromagnet proximity effects.
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